Abstract Phylogenetic analyses supported the hypothesis that the vertebrate toll-like receptors (TLRs) include two very ancient groups that arose by gene duplication prior to the divergence of protostomes and deuterostomes: (1) the TLR1 family (including mammalian TLR1, TLR2, TLR6, and TLR10); and (2) a clade including the remainder of mammalian TLRs. Correlating data on ligand type, subcellular localization, and gene expression in leukocytes and other tissues with the phylogeny provided evidence that certain major functional specializations within the TLRs occurred after ancient gene duplication events and that these traits have been retained through further events of gene duplication. For example, the recognition of bacterial lipoproteins appears to have arisen in the ancestor of the TLR1 family and continues to characterize members of that family whose ligands are known. Likewise, expression on the endosomal membrane and the recognition of nucleic acids appears to have been arisen in the ancestor of the TLR7 family and some related TLRs. On the other hand, gene expression patterns across tissues appear to have been much more volatile over the evolution of the vertebrate TLRs, since genes may show expression profiles similar to those of distantly related genes but dissimilar to those of closely related genes. Thus, the vertebrate TLRs provide an example of a multi-gene family in which gene duplication has been followed by extensive changes in certain aspects of gene function, while others have been conserved throughout vertebrate history.
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The innate immune system of vertebrates includes a number of receptors that recognize distinctive pathogenassociated molecular patterns (PAMPs). The toll-like receptors (TLRs) constitute a multi-gene family in vertebrates whose different members recognize distinctive PAMPs and play a key role in defense against both viral and bacterial infections (Aderem and Ulevitch 2000; Albiger et al. 2007; Carpenter and O'Neill 2007; Dunne and O'Neill 2005; Ishii et al. 2005; Krishnan et al. 2007; Pichlmair and Reis e Sousa 2007) . TLRs are named for homology with the Toll protein of Drosophila and other insects, a receptor involved in developmental and immune signaling (Tanji and Ip 2005) . The PAMPs recognized by TLRs include lipopolysaccharides, nucleic acids, and the bacterial flagellin protein (Dunne and O'Neill 2005) . Like Toll and related insect molecules, the TLRs are characterized by leucine-rich repeats (LRR) involved in PAMP recognition and by the intracellular Toll/interleukin-1 receptor domain (TIR domain) involved in signal transduction (Matsushima et al. 2007; Watters et al. 2007 ).
In humans, TLR 4 recognizes lipopolysaccharide, while TLR2 can form a heterodimer with TLR6 that recognizes diacyl lipopetides or a heterodimer with TLR1 that recognizes triacyl lipopeptides (Dunne and O'Neill 2005; Krishnan et al. 2007) . TLR5, on the other hand, recognizes bacterial flagellins . TLR1, TLR2, TLR4, TLR5, and TLR6  are all expressed on the plasma membrane; by contrast,  there are other toll-like receptors expressed on the endosomal membrane (TLR3, TLR7, TLR8, and TLR9), which  recognize nucleic acids. TLR3 recognizes double-stranded  RNA, while TLR7 and TLR8 recognize single-stranded  RNA, and TLR9 recognizes the unmethylated CpG  dinucleotide in bacterial DNA. TLRs use a variety of intracellular adapters to initiate a response to PAMP recognition (Krishnan et al. 2007; Watters et al. 2007 ). MyD88 is used as an adaptor protein by every human TLR whose adaptor is known, with the exception of TLR3. By contrast, TLR3 uses the TRIF (or TICAM-1) protein (Krishnan et al. 2007 ). TLR4 also can use TRIF, as well as the related adapter TRAM (or TICAM-2; Krishnan et al. 2007 ). TLR1, TLR2, TLR4, and TLR6, all of which are expressed on the plasma membrane, are known to use an additional adaptor protein MAL (or TIRAP) related to MyD88 (Kagan and Medzhitov 2006; Krishnan et al. 2007 ).
Thus, the TLRs provide an example of a multi-gene family whose members have diversified functionally (Hughes 1994) . Evolutionary biologists have long theorized that gene duplication is a major source of evolutionary novelty (Nei 1969; Ohno 1970) , but how new functions arise after gene duplication remains poorly understood (Hughes 1994 (Hughes , 1999 Lynch 2007; Piatigorsky 2007) . It is increasingly clear that gene function is a multi-dimensional variable, involving the patterns of expression in different tissues and under different environmental conditions, as well as a multitude of interactions among proteins and between proteins and non-protein ligands. Gene duplication permits duplicate genes to explore different aspects of the multidimensional functional space (Hughes 2005; Piatigorsky 2007) . The TLRs represent an excellent model system for studying these processes because information is available regarding several aspects of their function, including PAMP recognized, subcellular localization, and pattern of gene expression across tissues.
Although the vertebrate TLRs have been the subject of a number of phylogenetic studies (e.g., Friedman and Hughes 2002; Ishii et al. 2007; Roach et al. 2005; Sanghavi et al. 2004; Wiens et al. 2007 ), these analyses have not attempted to use phylogenetic methods to reconstruct major events of functional differentiation within this gene family. Here, we use phylogenetic methods to reconstruct the patterns of gene duplication and functional differentiation of major clades of mammalian TLRs and the relationship of vertebrate genes with insect homologues. By combining data on PAMP recognition, subcellular localization, adaptor use, and gene expression pattern across different tissues with the results of our phylogenetic analyses, we reconstruct the major functional shifts that have occurred over the evolution of this gene family.
Materials and methods

Phylogenetic analyses
A total of 128 representative vertebrate TLR sequences and eight insect Toll receptor sequences were used in analyses (Supplementary Table S1 ). Vertebrate TLR sequences were chosen so as to emphasize as complete as possible a selection from vertebrate species with completely sequenced genomes or ongoing genome projects; and we used insect sequences to provide information for rooting the vertebrate TLR families. Amphibian sequences were not included because available amphibian sequences all fall into just one of several major TLR families found in other vertebrates (Roach et al. 2005) . Non-insect invertebrate sequences (e.g., Wiens et al. 2007) were not included because including additional highly diverged sequences decreased the number of aligned amino acid sites available for the analysis. Chromosomal locations, where known, were obtained from NCBI Map Viewer (Wheeler et al. 2006) .
The phylogenetic analysis was based on an alignment of the Toll/interleukin-1 receptor domain (TIR domain) because other domains, particularly the LRR, cannot be reliably aligned between distantly related members of the family (Friedman and Hughes 2002; Roach et al. 2005) . The amino acid sequences of the TIR domain were aligned by the Clustal X program (Thompson et al. 1997 ; Supplementary Figure S1 ). In all analyses, any site at which the alignment postulated a gap in any sequence was excluded from the analysis; so, a comparable set of sites was used.
Phylogenetic analyses were conducted using two methods: (1) A minimum evolution (ME) tree (Rzhetsky and Nei 1992) was constructed on the basis of the JTT amino acid distance (Jones et al. 1992) , with the rates assumed to vary among sites following a gamma (Γ) distribution, using the MEGA 4 program (Tamura et al. 2007 ). The shape parameter (a) of the Γ distribution was estimated from the data using the TREEPUZZLE program (Schmidt et al. 2002) . The standard error test of branch lengths was conducted by the bootstrap method (Dopazo 1994) . (2) A Bayesian tree (Huelsenbeck and Ronquist 2001) was reconstructed using the JTT+Γ model (Rodriguez et al. 1990 ). All parameters were estimated from the data; the gamma distribution was approximated using four categories. Four chains were run for 1,000,000 generations, and trees were sampled every 100 generations. Bayesian posterior probabilities were inferred from the last 5,000 sampled trees.
Nucleotide substitution
In order to examine the pattern of nucleotide substitution in different domains of primate genes encoding TLRs, we separately aligned the amino acid sequences of orthologous gene pairs from human and rhesus monkey (Macaca mulatta). We then imposed the alignments on the DNA sequences and estimated the number of synonymous nucleotide substitutions per synonymous site (d S ) and the number of nonsynonymous nucleotide substitutions per nonsynonymous site (d N ) in different gene regions by Nei and Gojobori's (1986) method.
The LRR and TIR domains were defined following annotations in the Swissprot accessions Q15399, O60603, O15455, O00206, Q9JLF7, Q9Y2C9, Q9NYK1, Q9NR97, Q9NR96, and Q9BXR5.
Gene expression data
In order to correlate phylogenetic relationships with gene expression patterns, we examined two data sets on expression of human TLR genes: (1) a human leukocyte data set, providing data on gene expression in major leukocyte types in human (Jeffrey et al. 2006) ; and (2) a human tissue data set, providing data on TLR expression in various human tissues (Nishimura and Naito 2005) . Gene expression is a multi-dimensional phenomenon with large dimensionality; as with any gene expression data set, the data available for our analyses provided information on only a subset of the cell types and conditions under which gene expression might be measured.
In the human leukocyte data set, there were 17 individual combinations of cell type and treatment: basophils, B cells, cord blood-derived mast cells, cord bloodderived mast cells (IGE), central memory T cells, immature dendritic cells, dendritic cells (lipopolysaccharides (LPS)), effector memory T cells, eosinophils, eosinophils (PMA), macrophages, macrophages (LPS), neutrophils, neutrophils (LPS), NK cells, Th1 cells, and Th2 cells. In the above list, treatments are indicated in parentheses; cell types with no treatment indicated are unstimulated controls. In cases where the original data included two replicates for a given cell type or cell type and treatment combination, we averaged the two values. The available data (Gene Expression Omnibus series GES3982), using the Affymetrix Genome U133 Array Set HG-U133A, provided gene expression data for eight human TLR genes (excluding TLR9 and TLR10). We computed correlations among genes across the 17 cell type/ treatment combinations and clustered genes by a hierarchical clustering algorithm on the basis of the correlation matrix. The pairwise distance between two genes was defined as 1−r, where r is the correlation coefficient. The clustering procedure was performed using the Minitab statistical software package, release 13 (http://www.minitab.com/).
The human tissue data set included data on the following 18 adult human tissues: adrenal gland, brain, heart, kidney, liver, lung, placenta, prostate, salivary gland, skeletal muscle, small intestine, spinal cord, spleen, testis, thymus, thyroid gland, trachea, and uterus. The data were obtained using high-sensitivity real-time reverse transcription PCR in total RNA from pooled specimens (Nishimura and Naito 2005) . We computed correlations among genes across the 18 tissues and clustered genes as described above.
Results
Phylogenetic analyses
In the ME tree of the TIR domain of vertebrate TLRs, there were two major clusters, each of which included both insect and vertebrate TLRs: (1) a cluster including insect TOLL9 and mammalian TLR1, TLR2, TLR6, and TLR10; and (2) a cluster including all other mammalian TLRs (TLR3, TLR4, TLR5, TLR7, TLR8, and TLR9), along with the remaining insect sequences (Fig. 1) . The two clusters were separated by a highly significant internal branch (Fig. 1) . The same clusters were observed in the Bayesian tree, and the posterior probability of the internal branch separating them was 100% (Fig. 2) .
The cluster including mammalian TLR1, TLR2, TLR6, and TLR10 included all mammalian TLRs known to be involved in the recognition of bacterial lipopeptides; namely TLR1, TLR2, and TLR6 ( Figs. 1 and 2) . We designate this cluster as the TLR1 family, following Roach et al. (2005) . The TLR sequences from lamprey clustered with the TLR1 family, consistent with the phylogenetic analysis of Ishii et al. (2007) . The relationship of insect TOLL9 to the vertebrate sequences in the TLR1 family was not well resolved in the ME tree (Fig. 1) ; but in the Bayesian tree, TOLL9 formed an outgroup to all vertebrate TLR1 family members, and the posterior probability of the branch supporting this pattern was 97% (Fig. 2) . In the ME tree, TLR2 fell outside the cluster containing TLR1, TLR6, and TLR10; and this pattern was strongly supported in both analyses ( Figs. 1 and 2) .
The relationships among TLR1, TLR6, and TLR10 were not well resolved in the ME tree (Fig. 1) . The Bayesian tree was consistent with the hypothesis that the TLR10 gene arose before duplication of the TLR1 and TLR6 genes (Beutler and Rehli 2002) . TLR10 clustered outside TLR1 and TLR6 in the Bayesian tree, although the posterior probability of the branch supporting this pattern was only 83% (Fig. 2) . The phylogenetic analyses suggested that no orthologs to the TLR1, TLR6, and TLR10 genes are found outside of mammals, consistent with the hypothesis that these genes duplicated within the mammalian lineage.
TLR3, TLR7, TLR8, and TLR9 formed a monophyletic group in the ME tree, and TLR5 fell outside this group; but the group was not supported by a significant internal branch (Fig. 1) . In the Bayesian tree, by contrast, TLR5 clustered with TLR3, although the posterior probability of the branch supporting this pattern was only 72% (Fig. 2) . In the Bayesian tree, TLR5 formed part of a larger cluster with TLR3, TLR7, TLR8, and TLR9; and the posterior probability of the branch supporting this pattern was 93% (Fig. 2) . We designate TLR7, TLR8, and TLR9 as the TLR7 family, following Roach et al. (2005) . The members of this family formed a monophyletic group in both the ME and Bayesian trees ( Figs. 1 and 2 ). In the Bayesian tree, the posterior probability of the branch supporting this pattern was 100% (Fig. 2) .
Within the TLR7 family, both trees were consistent with the hypothesis that the TLR7 and TLR8 genes duplicated prior to the origin of mammals because chicken TLR7 grouped with apparent mammalian orthologs ( Figs. 1 and 2 ). In the Bayesian tree, Fugu TLR7 also grouped with bird and mammal TLR7 (Fig. 2) . However, neither of the trees showed strong support for the clustering of non-mammalian sequences with mammalian TLR7 (Figs. 1 and 2) ; and thus the age of the duplication of the TLR7 and TLR8 genes was not resolved.
Nucleotide substitution in primate genes
We compared numbers of synonymous nucleotide substitutions per synonymous site (d S ) and of nonsynonymous nucleotide substitutions per nonsynonymous site (d N ) in the LRR and TIR between orthologous human and rhesus monkey TLR gene pairs (Table 1 ). None of the ten genes showed a significant difference between LRR and TIR with respect to d S (Table 1) , supporting the hypothesis that there was no difference in mutation rate between LRR and TIR. By contrast, d N in the TIR was significantly lower than that in the LRR in the case of five of the genes (Table 1) , indicating stronger purifying selection on the TIR than the LRR in these cases and thus greater functional constraint on the former than on the latter. The genes of the TLR1 family did not show a difference in d N between the TIR and the LRR (Table 1) , indicating a relatively relaxed constraint on the TIR in the primate members of the TLR1 family. On the other hand, d N in the TIR was significantly lower than that in the LRR in all members of the TLR7 family (Table 1) , indicating strong constraint on the TIR in that group. Gene expression in the human leukocyte data set showed highly similar expression patterns in two pairs of TLR genes: (1) TLR2 and TLR4 and (2) TLR 1 and TLR8 (Fig. 3a) . TLR1 and TLR8 also showed a pattern very similar to that seen in TLR6 and TLR5 (Fig. 3a) . By contrast, TLR3 and TLR7 did not show patterns similar to those of other TLR genes in the human leukocyte data set (Fig. 3a) . In the human tissue data set, TLR1 and TLR8 showed very similar expression patterns (Fig. 3b) . TLR6 and TLR10, both members of the TLR1 family, also showed very similar expression patterns in the human tissue data set (Fig. 3b) .
Discussion
Phylogenetic analyses of vertebrate TLRs by both ME and Bayesian methods showed two strongly supported clusters including both vertebrate and insect sequences. One cluster corresponded to the TLR1 family as defined by Roach et al. (2005) , which includes mammalian TLR1, TLR2, TLR6, and TLR10, while the other included all other mammalian TLRs. This topology supports the hypothesis that the vertebrate TLRs include two very ancient groups that arose by gene duplication prior to the divergence of protostomes (including insects) and deuterostomes (including vertebrates). The phylogenetic analysis of Sanghavi et al. (2004) also supported the hypothesis that the TLR1 family diverged from other vertebrate TLRs prior to the divergence of protostomes and deuterostomes.
The absence of orthologs to the TLR1, TLR6, and TLR10 genes outside of mammals supports the hypothesis that these genes duplicated within the mammalian lineage.
In human, all members of the TLR1 family map to chromosome 4; and TLR6, TLR1, and TLR10 are located in consecutive order (Kruithof et al. 2007 ). Close linkage of TLR6, TLR1, and TLR10 is also found in dog and bovine (Opsal et al. 2006 ; Supplementary Table S1). Kruithof et al. (2007) present evidence of gene conversion events between TLR1 and TLR6. Gene conversion is more likely in the case of recent duplicates; thus, the results of Kruithof et al. (2007) are consistent with the hypothesis that these genes duplicated within the mammalian lineage. By contrast, although TLR7 and TLR8 are closely linked on the X chromosome of human and several other placental mammals, the phylogenetic analyses suggested that these genes may have duplicated prior to the origin of mammals. Fig. 2 Fifty percent majority-rule consensus Bayesian tree based on the JTT+Γ model. Only the topology, not branch lengths, is shown. Numbers on the branches are Bayesian posterior probabilities. Color coding is as in Fig. 1 b Our phylogenetic analysis supported the hypothesis that cellular localization on the plasma membrane and recognition of bacterial lipopeptides are ancestral characteristics of the TLR1 family. In humans, TLR1, TLR2, and TLR6 are known to interact with both MyD88 and MAL adapter proteins; and the phylogeny supports the hypothesis that this trait also was ancestral to the TLR1 family. The phylogenetic analysis thus supported the hypothesis that the ancestral traits of the TLR1 family were present in the ancestry of human TLR10, the function of which remains poorly known (Hasan et al. 2005; Bell et al. 2007 ).
TLR3, TLR7, TLR8, and TLR9 formed a monophyletic group in the ME tree, although the group was not supported by a significant internal branch (Fig. 1) . Given this topology, it is parsimonious to assume that common ancestor of TLR3, TLR7, TLR8, and TLR9 possessed the Tests of the hypothesis that d S or d N in TIR equals the corresponding value in LRR. **P<0.01; ***P<0.001 Fig. 3 Cluster diagrams, based on the correlation matrix, of gene expression data for a the human leukocyte data set and b the human tissue data set. In each case, the Y axis is a distance based on 1 minus the correlation coefficient distinctive functional traits of these TLRs, namely, the recognition of nucleic acids and expression on the endosomal membrane (Dunne and O'Neill 2005) . In the Bayesian tree, by contrast, TLR5 formed part of a larger cluster with TLR3, TLR7, TLR8, and TLR9, supported by a posterior probability of 93% (Fig. 2) . Thus, the Bayesian tree was consistent with the hypothesis that the recognition of nucleic acids and expression on the endosomal membrane were present in the common ancestor of TLR3, TLR5, TLR7, TLR8, and TLR9 but were lost in TLR5. If so, expression on the plasma membrane would be a secondarily acquired trait in the case of TLR5. Two gene expression data sets, from human leukocytes and from a variety of other human tissues, showed that patterns of expression were similar between closely related TLR genes in only a few cases, all involving the TLR1 family. Two members of the TLR1 family, TLR1 and TLR6, had similar expression patterns in both data sets (Fig. 3) . The human leukocyte data set lacked information on the expression of TLR10, but in the human tissue data set, TLR10 showed an expression pattern very similar to that of TLR6 and fairly similar to that of TLR1 (Fig. 3b) .
On the other hand, very distantly related genes in some cases had similar expression profiles in certain cases. The very similar expression patterns of TLR1 (TLR1 family) and TLR8 (TLR7 family) in both data sets provided the most striking example of phylogenetically distant genes (Figs. 1 and 2) with similar expression patterns. Note also that human TLR1 (chromosome 4) and TLR8 (X chromosome) are not physically linked; nor are the TLR1 and TLR8 genes linked in other mammals (Supplementary Table S1 ). Likewise, although the phylogenetic trees ( Figs. 1 and 2 ) supported a very distant relationship between TLR2 and TLR4 genes, these two genes showed very similar expression patterns in the human leukocyte data set (Fig. 3a) . TLR2 (chromosome 2) and TLR4 (chromosome 4) are not linked in humans; nor are the TLR2 and TLR4 genes linked in other mammals (Supplementary Table S1 ).
Analysis of the patterns of nucleotide substitution in LRR and TIR regions of primate TLR genes showed relatively relaxed functional constraint on the TIR of members of the TLR1 family in comparison to most other genes (Table 1) . Because the TLR1 family members interact with both MyD88 and MAL, these results suggest that interaction with both of these adapters leads to a relaxation of constraint on the TIR. The members of the TLR7 family were consistent in showing evidence of strong functional constraint on the TIR. As far as is known, each mammalian member of this family has a single adapter protein with which it interacts, namely, MyD88 in the case of TLR7, TLR8, and TLR9 and TRIF in the case of TLR3 (Krishnan et al. 2007 ). Thus, interaction with a single intracellular adapter protein was associated with strong constraint on the amino acid sequence of the TIR.
Our analyses supported the hypothesis that certain major functional specializations within the TLRs occurred after phylogenetically ancient gene duplication events and that these traits have been retained through further events of gene duplication. For example, the recognition of bacterial lipoproteins appears to have arisen in the ancestor of the TLR1 family and continues to characterize members of that family whose ligands are known. Likewise, expression on the endosomal membrane and the recognition of nucleic acids appears to have been arisen in the ancestor of the TLR7 family and some related TLRs. On the other hand, gene expression patterns appear to have been much more volatile over the evolution of the vertebrate TLRs, since genes may show expression profiles similar to those of distantly related genes but dissimilar to those of closely related genes. Thus, the vertebrate TLRs provide an example of a multi-gene family in which gene duplication has been followed by extensive changes in certain aspects of gene function, while others have been conserved throughout vertebrate history.
